Introduction
Acid catalysts have wide applications in industrial reactions, such as esterication, alkylation, hydrogenation, etc.
1 Among them, the esterication of carboxylic acids with alcohols has attracted growing importance due to the continual demand for renewable fuels, pharmaceutical intermediates, solvents, coatings, etc.
1,2 In particular, esterication has gained much popularity in clean catalytic technologies for the conversion of biomass-derived chemicals into biofuels production.
2 It was generally catalyzed by mineral acids because of their high activities and low prices. However, mineral acids accelerate the corrosion of equipment, and the residual acids are difficult to remove from the product stream. As a green alternative of the mineral acid, solid acid catalysts have important advantages of being non-corrosive, easy separation procedures, good reusability, etc. Currently, a number of solid acids have been investigated in esterication, such as cation-exchange resins, clays, sulfated metal oxide (SO 4 2À /M x O y ), activated carbons, zeolites, MOFs.
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The SO 4 2À /TiO 2 catalyst, a representative SO 4 2À /M x O y solid acid, is used extensively in esterication because of its outstanding performance of high catalytic activity, good selectivity, easy separation and so on. 7 However, pure SO 4 2À /TiO 2 catalysts usually suffer from rapid deactivation and low life despite their high initial activities, which is mainly due to the loss of sulfur species and carbon deposition. 8, 9 Therefore, development of acid catalysts for liquid reaction is still a challenge from the view of not only high activity but also stability and life. /TiO 2 -M x O y composite solid acids because of the apparent improvement in catalytic activities and reusability. [8] [9] [10] [11] In our previous study, the ZnAl 2 O 4 spinel-type oxide was used successfully to obtain the sulfated ZnAl 2 O 4 solid acid which has the advantage of easy preparation, single crystal shape, stable structure and good performance in acetic esterication. [12] [13] [14] It is therefore expected that using the ZnAl 2 O 4 spinel-type oxide as M x O y to synthesize the SO 4 2À /TiO 2 -M x O y composite may result in interesting properties and catalytic activities. In addition, it is generally accepted that metal oxides (M x O y ) have their own superior catalytic crystallographic form. 15, 16 For example, titania was reported to have three crystallographic forms, including anatase, rutile and brookite. Among them, the anatase form of titania was regard as the most active form. 15 Similarly, it was reported that spinel was the favorable form to perform catalytic activities in reactions for sulfated ZnAl 2 O 4 oxides. 12 Hence, it is necessary to maintain the superior crystallographic forms of TiO 2 and ZnAl 2 O 4 in the composite catalysts in this study.
To O 4 components. The obtained acid catalysts with different compositions were evaluated in the liquid-phase esterication of acetic acid with acetic acid with n-butanol and oleic acid with methanol. The esterication of oleic acid with methanol has attracted great interest in biodiesel production, as the oleic acid is a common type of free fatty acids (FFAs) existing in plant oils. 17, 18 The esterication of acetic acid, as a representative acid in initial bio-oils, can efficiently improve the stability and heating value of bio-oils. 19, 20 The product from the esterication of acetic acid with n-butanol is a common green chemical. In addition, it also discussed the roles of respective components present in the SO 
Catalysts characterization
Wide angle X-ray diffraction (XRD) was conducted on a Bruker AXS D8-Focus X Diffractometer using CuKa radiation at 40 kV and 40 mA. The data were collected by varying the 2q from 10 to 70 ; the Fourier transform infrared spectroscopy (FT-IR) spectra of the catalysts were recorded in the range of 400-4000 cm À1 by a Nicolet 6700 IR spectrometer, and the catalyst was pretreated by drying for 4 h at 60 C and subjected to KBr pellet technique. . Thermogravimetric analysis (TG) was performed on a STA449F3 thermo analyzer from room temperature to 800 C with a ramp rate of 10 C min under 30 mL min À1 ow of a nitrogen oxygen mixture. The acid site density of the catalysts was determined using ion-exchange titration. Moreover, 200 mg of the catalyst was added to 50 mL of a 0.1 mol L À1 NaCl solution and stirred for 24 h at room temperature. The catalyst was separated by ltration. The ltrate with two drops of a phenolphthalein solution was titrated against 0.01 mol L À1 NaOH solution to neutrality. The total acid densities of the catalysts were estimated by calculating the amount of NaOH consumed.
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Catalytic activity test
The esterication of acetic acid with n-butanol was carried out in a three-necked ask equipped with a magnetic stirrer, a thermometer and a reux condenser tube. A 1 : 3 molar ratio of acetic acid to n-butanol and 7.26 wt% catalyst, based on the weight of acetic acid, were added to a three-necked ask. The reaction was carried out under the atmospheric pressure, and the temperature was controlled in the range of 112-115 C for 2 h. The formed water was removed continuously by becoming an azeotrope with n-butanol to drive the equilibria to completion. The esterication of oleic acid with methanol was carried out in 50 mL autoclave immersed in an oil bath. The reactors were initially loaded with the reaction mixture consisting of a 5 wt% (based on the oleic acid) of catalysts and a 1 : 10 molar ratio of oleic acid and methanol. The autoclave was sealed and immersed in the oil bath at 100 C for 2 h.
The conversion of acids can be calculated by titration according to the report of Pires et al. 23 and the method of GB1668-81 using the following equation:
where M 0 is the acid value before the reaction and M 1 is the acid value aer the reaction. 0.50 mL initial or nal reaction mixture was added to 20.00 mL ethanol and titrated by 0.10 mol L
À1
NaOH solution using phenolphthalein as an indicator. The surface sulfate groups are responsible for inducing acidity in the catalyst. It has been assumed that the sulfate group is bonded covalently to the oxide. 24 All the catalysts shown in Fig. 2 exhibited a broad peak between 900 and 1400 cm À1 , which was assigned to sulfate groups bonded covalently to the surface metal oxides (Scheme 1a and b). 25, 26 The sulfate group belonged to C 2v symmetry can be bonded to surface metals by two oxygen atoms forming bridge (Scheme 1a) or chelate structures (Scheme 1b). The broad peaks of all catalysts could be divided into three peaks at 1227, 1139 and 1060 cm À1 .
Peaks at 1139 and 1060 cm À1 were ascribed to asymmetric and were associated with the bending mode and stretching mode of the OH group of water molecules, respectively.
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In the XPS spectra for the SO 4 2À /ZnAl 2 O 4 -TiO 2 (6 : 4), the peaks for Zn 2p, Al 2p, Ti 2p, O 1s and S 2p were presented in Fig. 3 . The spectra centered at 169.4 eV, corresponding to S 2p binding energy, was typical of the S 6+ high oxidation state. This high oxidation state is essential evidence of formation of bidentate sulfate group, indicating that catalyst possessed acid sites. 30 In addition, the O 1s spectra in Fig. 3c can be decomposed into three peaks at 530.4 eV, 531.4 eV and 532.3 eV, which were assigned to lattice oxygen of metal oxide, bridged oxygen of surface hydroxyl groups and the oxygen of sulfate group, respectively. 31 For the oxidation state of the metal elements, the peaks at 1045.8 eV and 1022.7 eV shown in Fig. 3d belonged to Zn 2p 1/2 and Zn 2p 3/2 of Zn 2+ ion. 32 Fig. 3e shows the Al 2p peak of the catalyst at 75.2 eV, which was assigned to the Al 3+ ion.
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The binding energy of Ti 2p 3/2 , shown in Fig. 3f , was 459.1 eV On the basis of the abovementioned characterization, the possible structures are shown in Fig. 7 . The XPS corroborating FT-IR analysis gave the possible chelate structure of sulfate groups bonded on the surface metal oxides of catalysts. FE-SEM showed that spherical ZnAl 2 O 4 particles were dispersed on or crossed through plate-like TiO 2 particles, and the M-O-Ti linkages were expected on the interface, resulting from the cooperation of two components, which may have improved the acidic properties of the composite catalysts.
Catalytic performance
The esterication of acetic acid with n-butanol and oleic acid with methanol (Scheme 2) were conducted over SO a Based on the TG proles from 550 C to 800 C. Scheme 2 Esterification of (1) acetic acid with n-butanol and (2) oleic acid with methanol. Fig. 8 Esterification of (a) acetic acid with n-butanol and (b) oleic acid with methanol over varied catalysts.
98.5% conversion for the esterication of acetic acid with nbutanol and 95.8% conversion for oleic acid esterication. The improvement in catalyst activities may be due to the increase in the number of acid sites, which had been characterized in the NH 3 -TPD, acid-base titration and TG analysis. By further increasing the mass ratio of the TiO 2 component, the conversion of composite catalysts decreased, which was attributed to the reduction of the number of acid sites. The composition of catalyst clearly inuenced the catalytic activities of the SO 4 2À / TiO 2 -ZnAl 2 O 4 composite in these reactions by adjusting their acidic properties. Furthermore, the reactivity of the active sites was investigated in terms of the turnover frequency (TOF), shown in Table 2 /ZnAl 2 O 4 -TiO 2 (6 : 4) was suggested to be an efficient catalyst for these two types of esterications.
It is generally accepted that different esterication reactions have their preferential acid sites in terms of acidic strength.
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In this study, the amounts of acid sites with different acidic strengths were calculated based on the NH 3 -TPD proles. catalysts, which may indicate their different catalytic activities. It was found that the trend of acetic acid conversion corresponded to the number of strong acid sites. On the other hand, the change in catalytic activities in oleic acid esterication increased in line with middle strength acid sites or weak acid sites. These two reactions may have their own favorable acid strength of acid sites. The relationship between acidic properties and catalytic activities gave a referential study for the design of catalysts for these reactions. In order to develop a green and reusable catalyst, the capability of the catalyst to be recovered and reused should be considered seriously in the study of To study the stability and the reason for the deactivation, the used catalysts aer two repeated cycles were characterized by XRD, FT-IR and TG, as shown in Fig. 11 . According to FT-IR and XRD analysis, no evident change in the structure of the used SO 4 2À /ZnAl 2 O 4 -TiO 2 (6 : 4) catalyst was observed by comparing to the fresh catalyst. This indicated that SO 4 2À /ZnAl 2 O 4 -TiO 2 (6 : 4) had good structural stability aer recycling. The IR spectra, shown in Fig. 11b , also gave broadened peaks of surface sulfate group in the range of 900-1400 cm À1 . The peaks of sulfate groups almost disappeared in the IR spectra of used SO 4 2À /TiO 2 , while they were kept relatively better in the spectra resistance to the loss of sulfur species, which might interpret its better reusability. The TG curves in Fig. 11c were also performed to estimate the amount of residual sulfate groups on the surface of the used catalysts. As shown in Table 1 TiO 2 catalyst and enhance its resistance of sulfur loss, which was also approved in IR analysis. Based on IR and TG analysis, a decrease in the intensity of peaks and the number of sulfate groups was observed in all used catalysts. This indicated that the catalysts inevitably suffered from the loss of sulfur species. The loss of surface sulfate groups is one of the main reasons for the deactivation of these catalysts in recycling reaction, which is common in other sulfated catalysts. 46 the use of eco-friendly heterogeneous catalysts was more advantageous due to the easy separation and re-use of the catalyst. This suggested that the 
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Conclusions
This study synthesized a series of novel SO 4
2À
/ZnAl 2 O 4 -TiO 2 composite catalysts with single spinel and anatase phases and applied these catalysts in the esterication of biomass derived acids. In the composite catalyst, both ZnAl 2 O 4 and TiO 2 oxides acted as catalytic components, and generated acid sites by sulfation. The catalytic properties and performance of composite catalysts can be tuned by adjusting the mass ratio of conversion above 85% up to 5 cycles for both esterication reactions. Correlating the acidic properties and activities, it was assumed that the amount of acid sites varied in acid strength on the different catalysts so that these catalysts performed differently for these two reactions. The esterication of acetic acid and n-butanol may require strong acid sites, while middle strength or weak acid sites were favorable to the esterication of oleic acid with methanol. This study suggested that the ZnAl 2 O 4 spinel oxide can be used as a novel component to modify the SO 4 2À /M x O y catalyst.
The spinel-type component in composites plays a role in tuning the catalytic properties and stabilizing the structure and surface sulfate groups. 
